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Abstract 
Objective 

To obtain an aluminum alloy for die casting with improved high-temperature strength and 
toughness. 

Constitution 

This aluminum alloy contains 1-7% Cu, 10-16% Si, 0.3-2% Mg, 0.5-2% Fe, 0.1-4% Mn, 
0.01-0.3% Ti, less than 0.01% P, 0.001-0.02% Ca, and, if necessary, 0.2-6% Ni, and the P/CA 
weight ratio is adjusted to a range under 0.5. It is cast at a cooling rate higher than 20°C/sec, the 
average major axis of crystallized material is less than 20 jam, and the average major axis of 
eutectic Si is less than 10 Jim. 

Effects 

Toughness and high-temperature strength are improved by refining of primary crystal Si, 
eutectic Si, and crystallized material containing high melting point metals. 

Claims 

1. An aluminum alloy for die casting excellent in high-temperature strength and 
toughness characterized by the fact that it contains 1-7 wt% Cu, 10-16 wt% Si, 0.3-2 wt% Mg, 
0.5-2 wt% Fe, 0.1-4 wt% Mn, 0.01-0.3 wt% Ti, less than 0.01 wt% P, and 0.001-0.02 wt% Ca, 
and the P/CA weight ratio is adjusted to a range under 0.5. 

2. The aluminum alloy for die casting excellent in high-temperature strength and 
toughness described in Claim 1, characterized by the fact that it further contains 0.2-6 wt% Ni. 

3. The aluminum alloy for die casting excellent in high-temperature strength and 
toughness described in Claim 1 or 2, characterized by the fact that the average major axis of 
crystallized material is less than 20 |im, and the average major axis of the eutectic Si is less than 
10|im. 

4 . A method for the manufacture of a die cast product by die casting an aluminum alloy 
melt having the composition described in Claim 1 or 2 at a cooling rate higher than 20°C/sec. 

5. The die cast product manufactured by the method of Claim 4. 



Detailed explanation of the invention 
[0001] 

Industrial application field 

The present invention relates to an aluminum alloy for die casting excellent in high- 
temperature strength and toughness that is appropriate for pistons, con rods, cylinder blocks, 
cylinder heads and so on used in diesel engines, gasoline engines and other internal combustion 
engines, and its manufacturing method. 

[0002] 
Prior art 

Eutectic crystal or super-eutectic crystal Al-Si alloys containing greater than about 
10 wt% Si have small coefficients of thermal expansion and excellent wear resistances. 
Furthermore, if the Si content is increased, primary crystal Si of a high hardness is crystallized 
during the solidification of the melt. Therefore, they are used as pistons of internal combustion 
engines, compressor parts and a variety of other machine parts that require wear resistance. 
Among these, AC8A has been used as a typical Al-Si alloy. Recently, for internal combustion 
engines, there has been a trend in the effective utilization of energy resources and an increase in 
combustion efficiency. If the combustion efficiency is to be improved, the combustion 
temperature will need to be increased. In connection with this, a high strength at a high 
temperature in the vicinity of 200°C is required as a property of the material for a variety of 
parts, especially pistons, incorporated in internal combustion engines. For other parts used in 
internal combustion engines, an improvement in wear resistance is also pursued in the same 
manner. 

[0003] 

As an aluminum alloy for piston use with high-temperature strength, a material having 
sufficient high-temperature strength and heat-resistant impact characteristics even by the T 5 heat 
treatment has been disclosed in Japanese Kokai Patent Application No. Sho 57[1982]-79410. For 
this alloy, together with the regulation of the Si content to the range of 8.5-13.5 wt%, by the 
addition of Sb, the eutectic Si is improved. Furthermore, in Japanese Kokai Patent Application 
No. Sho 55[1980]-24784, during the manufacture of a piston by casting of an Fe base material 
with an Al-Si-Cu-Mg alloy, the heat-resistant impact characteristics are improved by a heat 
treatment at 480-520°C for 1-8 h after casting. In general, in Al-Si type material excellent in 
high-temperature strength, small amounts of Ni, Mn, Fe, Cr, Zr and other high melting point 
components are contained in an Al-Si-Cu-Mg type alloy as a base. The high melting point 
components are crystallized as microcrystallized portions during solidification of the melt. They 
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exhibit an effect of hindering high-temperature deformation of the Al alloy. However, with an 
increase in the content of high melting point components, coarse intermetallic compounds are 
formed in a large quantity. The strength is easily deteriorated. In addition, elongation is 
decreased. Sufficiently satisfactory characteristics are not provided to the parts requiring 
toughness. 

[0004] 

Problems to be solved by the invention 

However, the Al-Si type alloy has reached a level at which the most basic material 
characteristics cannot be improved by conventional adjustment of alloy components or by 
structural improvement by added components. Therefore, it is necessary to develop a material 
exhibiting characteristics, especially high-temperature characteristics, that upgrade the current 
situation to a large extent by improvement of the composition and the structure by a method not 
available currently. As the most difficult point in the problem, a coarse crystallized material is 
formed and strength deterioration occurs with an increase in the amount of addition of high 
melting point components effective in the improvement of high-temperature characteristics. 
Thus, if an upgrade in characteristics can be achieved by increasing the amount of addition of 
high melting point components without causing strength deterioration, an Al-Si type alloy 
satisfying material characteristics required for a variety of applications can be obtained. The 
present invention has been proposed in response to such a requirement. The objective is to 
provide an aluminum alloy excellent in high-temperature strength and toughness in the form of a 
structure obtained by the crystallization of high melting point components as microfine 
intermetallic compounds stable at a high temperature by means of casting a specific Al-Si type 
alloy for the component system in a die casting or casting method having a greater cooling rate. 

[0005] 

Means to solve the problems 

The aluminum alloy for die casting, in order to achieve its objective, is characterized by 
the fact that it contains 1-7 wt% Cu, 10-16 wt% Si, 0.3-2 wt% Mg, 0.5-2 wt% Fe, 0.1-4 wt% Mn, 
0.01-0.3 wt% Ti, less than 0.01wt% P, and 0.001-0.02 wt% Ca, and the P/CA weight ratio is 
adjusted to a range under 0.5. This aluminum alloy can further contain 0.2-6 wt% Ni. The 
aluminum alloy for die casting according to the present invention is obtained by casting of the 
aluminum alloy melt having the composition mentioned previously at a cooling rate higher than 
20°C/secT The average major axis of the crystallized material is controlled to less than 20 jim, 
and the average major axis of the eutectic Si is controlled to less than 10 (im. 
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[0006] 

The alloy elements contained in the aluminum alloy of the present invention, their 
contents and so on will be explained in the following. 

1-7 wt%Cu 

This is an alloy element that is effective in improving the high-temperature strength and 
the high-temperature fatigue strength. The effect of the Cu addition becomes pronounced in a 
solid solution state. If the Cu content is less than 1 wt%, the high-temperature strength will be 
insufficient. However, if Cu is contained at a large amount exceeding 7 wt%, Al 2 Cu and other 
large crystallized materials will be formed and casting cracking will occur easily. Furthermore, 
even if Cu is added at a greater amount, a corresponding increased improvement in strength 
cannot be achieved. 

10-16 wt% Si 

This alloy element is required to form eutectic Si effective in improving the wear 
resistance and decreasing the coefficient of thermal expansion. It also exhibits an effect in 
improving the melt flow. Furthermore, Mg 2 Si effective in age hardening is also formed by 
reaction with the coexisting Mg. If the Si content does not reach 10 wt%, the wear resistance and 
the high-temperature strength will be lower than the target values and the coefficient of thermal 
expansion will be high. On the other hand, at an Si content exceeding 16 wt%, the size of the 
primary crystal Si will increase and the degree of dispersion will be large. As a result, this will 
lead to a reduction in the high-temperature strength due to stress concentration. 

[0007] 

0.3-2 wt%Mg 

This forms Mg 2 Si, which is effective in age hardening by bonding with Si. If the Mg 
content is below 0.3 wt%, a sufficient age hardening effect cannot be achieved. On the other 
hand, at an Mg content exceeding 2 wt%, a large amount of Mg 2 Si will be crystallized during 
casting and the mechanical properties will decrease. 

0.5-2 wt% Fe 

This alloy element is effective in improving the high-temperature strength. The 
effectiveness becomes pronounced at an Fe content greater than 0.5 wt%. Furthermore, baking of 
the mold during die casting can be prevented. Fe is crystallized as a variety of intermetaliic 
compounds and the strength at high temperatures is improved. However, at an Fe content 
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exceeding 2 wt%, the high-temperature strength is decreased instead because coarse intermetallic 
compounds containing Fe are crystallized. 

0.1-4 wt% Mn 

This is crystallized as Al-Mn-Si, Al-Fe-Mn-Si and other intermetallic compounds, and 
the wear resistance is improved. Furthermore, this alloy element is effective in improving the 
high-temperature strength in the vicinity of 200°C. In order to achieve such an effect, more than 
0.1 wt% Mn is required. However, a high Mn content exceeding 4 wt% will lead to a reduction 
in elongation and other defects because of the formation of many very large areas of crystallized 
material. 

[0008] 

0.01-0.3 wt%Ti 

This alloy element is effective in refining oc-Al and in homogenizing the material. If the 
Ti content is more than 0.01 wt%, a-Al becomes microcrystal particles with a diameter less than 
10 mm and the effectiveness due to refining is pronounced. However, at a Ti content exceeding 
0.3 wt%, a large crystallized material of the Al-Ti type is formed and the mechanical properties 
deteriorate. Ti can be added as a Ti-B type refining agent. In this aspect, the coexistence of B at 
less than 0.03 wt% is permissible. 

Less than 0.01 wt% P, and 0.001-0.02 wt% Ca 

By decreasing P as much as possible and allowing the coexistence of Ca, formation of the 
primary crystal Si is inhibited, improvement of the eutectic Si is promoted, and the high strength 
and the high toughness are maintained. Furthermore, the concentration of hike [transliterated] is 
inhibited and the pressure resistance is upgraded. However, with P exceeding 0.01 wt% or Ca 
exceeding 0.02 wt%, melt flow characteristics will deteriorate and inferiority around the melt 
and other casting defects will occur. Furthermore, the cast texture will not be uniform. 

[0009] 

P/Ca (weight ratio) under 0.5 

The state of the eutectic Si that affects the toughness of the material to a large extent is 
controlled mainly by the P/Ca weight ratio. The effect itself due to the adjustment of the P/Ca 
weight ratio is in the same manner as that disclosed by Japanese Patent Application Nos. Hei 
4[1992]-244259, Hei 5[1993]-161380, and so on by the present inventors. In the case of the P/Ca 
weight ratio being under 0.5, the eutectic Si is spheroidized in a microfine fashion, the elongation 
value is increased, and the toughness is improved. On the other hand, at a P/Ca weight ratio 
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exceeding 0.5, the eutectic texture is coarse, and the elongation and toughness are decreased 
because of an increase in the amount of P. 

[0010] 

0.2-6 wt%Ni 

This alloy element is added if necessary. Intermetallic compounds containing Ni are 
crystallized, and the heat resistance and the high-temperature strength in the vicinity of 200°C 
are improved. The effect of the Ni addition is pronounced at more than 0.2 wt%. However, if a 
large amount of Ni exceeding 6 wt% is contained, crystallized materials of Al-Ni-Cu-Si, 
Al-Ni-Fe, Al-Ni-Cu and so on will increase. Disadvantages like reduction in elongation and 
embrittlement of the aluminum alloy will appear. In the aluminum alloy according to the present 
invention, Na, Cr, Zr, Zn and so on as other alloy elements may be contained. Na exhibits an 
effect in the refining of the eutectic Si. This is preferably present in a range without causing 
adverse effects on casting characteristics, baking of the mold, and so on, that is, in the range with 

50 ppm or so as the upper limit. Cr contributes to an improvement in the wear resistance at a 
content less than 0.3 wt%. Zr is effective in refining the crystal to microparticles. At an amount 
less than 0.3 wt%, Zr may be added together with Ti or added alone. Zn is present as an 
impurity. Since this causes adverse effects like deterioration by corrosion, the formation of 
casting cracks and so on, the upper limit is preferably set at 3 wt%. 

[0011] 

The average major axis of the crystallized material less than 20 |im, and the average 
major axis of the eutectic Si less than 10 |im 

In the case of casting at a cooling rate less than 20°C/sec, the primary crystal Si will 
crystallize at an Si content greater than about 12 wt%. On the other hand, for the die cast or the 
like quenched at a cooling rate higher than 20°C/sec, the Si content at which the primary crystal 

51 begins to crystallize shifts to 13-15 wt% or so. The addition of Ca enhances this shift. The size 
of the primary crystal Si is also affected by the cooling rate. It is 20-100 or higher in casting 
at a cooling rate less than 20°C/sec, and a few ^im to 30 jam or so in casting at a cooling rate 
higher than 20°C/sec. As a result, the deterioration in cutting characteristics caused by the 
enormous primary crystal Si is prevented. The size of the eutectic Si is also affected by the 
cooling rate, the P content, the Ca content, and the P/Ca ratio. It is in a fine, granular shape when 
the cooling rate is high. It easily becomes a needle shape at a low cooling rate. If the P/Ca ratio is 
more than 0.5, the eutectic Si has a needle shape. At a P/Ca ratio less than 0.5, there is a 
tendency in which it becomes granular. In order to obtain a good toughness, microfine, granular 
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eutectic Si is preferred. When the eutectic Si has an average major axis exceeding 10 jam, the 
elongation is decreased. 

[0012] 

If intermetallic compounds, in addition to the primary crystal Si and the eutectic Si, are 
crystallized at sizes exceeding 20 |im, an adverse effect of deterioration in the high-temperature 
strength is exhibited. Therefore, in the present invention, in order to maintain the high- 
temperature strength, if necessary, the average major axis of the crystallized material is specified 
at less than 20 |im. In the case of a low cooling rate, compounds of high melting point metals are 
developed to a large extent. There are cases in which they reach a few tens to a few hundreds of 
jxm. The compounds take needle shapes, Chinese script shapes, amorphous shapes and a variety 
of other shapes. In the case of a large size, stress concentration occurs in any case, and the 
strength is decreased easily. In particular, Al-Fe type compounds easily form needles and the 
effect is high. In the case of a high cooling rate, the development of the compounds is inhibited 
and they easily form needles in which stress concentration occurs difficultly. 

Cooling rate higher than 20°C/sec during casting 

In order to improve the high-temperature strength by the refining of intermetallic 
compounds containing Fe, Ni, Mn, and other high melting point metals, it is necessary to set the 
cooling rate during casting at more than 20°C/sec. If the cooling rate is less than 20°C/sec, 
coarse intermetallic compounds with an average length exceeding 20 |im are crystallized easily. 
This causes a reduction in elongation, strength, etc. In the present invention, thin-wall rapid 
cooling mold casting in addition to die casting can also be adopted. Pistons and other base shape 
materials can be cast. The base shape materials can be subjected to machine processing in a state 
as such or, if necessary, a solution treatment or an aging treatment may also be carried out. 

[0013] 

Application examples 

Aluminum alloy melts containing 13.0 wt% Si, 5.5 wt% Cu, 0.75 wt% Mg, 0.1 wt% Ti, 
0.0006 wt% B, 0.05 wt% Cr, 1.0 wt% Zn, 0.05 wt% Zr, 0.006 wt% Ca, and 0.001 wt% P, with 
the P/Ca weight ratio set at 0.17, and with adjustments of Fe, Mn, and Ni as shown in Table 1 
were prepared. In Sample No. 1 1 shown in Table 1, Ca was 0.001 wt%, P was 0.002 wt%, and 
the P/Ca ratio was 2.0. 



[0014] 



Table 1 Fe, Mn and Ni contents of aluminum alloy melts (wt%) 
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Key: 1 Sample No. 

Symbol * represents a value outside the range specified in the present invention. 
[0015] 

Each of the aluminum alloy melts was melted at 760°C, and the melt temperature was 
lowered to 720°C. Each was cast into JIS 4 boat molds as in conventional mold casting, and into 
die casting machine TP molds for die casting. TP molds capable of being adopted as tensile test 
specimens with a parallel part diameter of 10 mm and a length of 70 mm and wear test 
specimens of 50 mm x 50 mm x 6 mm were used. The cooling rate was adjusted so that the 
casting mold could be heated to 150°C. It was set at 5°C/sec for mold casting and at 50°C/sec for 
die casting. The texture of the ingot obtained was observed. The results obtained in investigating 
the effects of casting conditions on the crystallized materials are shown in Table 2. In Test 
Sample 9, the cooling rate was set at 25°C/sec due to the use of a JIS4 boat mold made of pure 
copper. 



[0016] 



Table 2. Relationship between casting conditions and crystallized materials 
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Key: 1 Test No. 

2 Cooling rate during casting (°C/sec) 

3 Crystallized state of the primary crystal Si 

4 Average major axis of eutectic Si (jim) 

5 Average major axis of other crystallized materials (jam) 

6 Distinction 

7 Slight 

. 8 Example of the present invention 

9 Comparative example 

10 Melt flow was poor and casting was impossible 

1 1 Some 
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[0017] 

For the mold cast material obtained, a solution treatment was carried out at 500°C x 6 h. 
After hardening in warm water at 60°C, an aging treatment was performed at 220°C x 6 h. This 
was followed by air cooling. On the other hand, for the die cast material, an aging treatment was 
performed at 220°C x 6 h. This was also followed by air cooling. From each of the alloys after 
the heat treatment, toughness and wear test specimens and high temperature tensile test 
specimens were obtained by cutting. The high temperature test was done on the test specimens 
after preliminary heating at 200°C for 100 h. The test results for the tensile strength and the 
elongation value are shown in Table 3. 

[0018] 

Table 3. Mechanical characteristics of a variety of aluminum alloys 
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Key: 1 Test No. 

2 Tensile strength at 200°C 

3 Elongation (%) 

[0019] 

As shown in Table 3, for Test Sample No. 3 containing a large amount of Fe, crystallized 
materials of the Al-Fe type, the Al-Fe-Mn type and so.on were formed to large sizes greater than 
20 um, and the elongation was decreased. If the Mn content was high, the melt flow was poor 
and casting was inferior (Test Sample Nos. 4 and 7). If the Ni content was excessively high, 



insufficient elongation occurred (Test Sample No. 8). Furthermore, if the cooling rate during 
casting was low, as shown by Test Sample No. 10, intermetallic compounds grew to a large 
extent, processing characteristics were poor, and the elongation was insufficient. For Test 
Sample No. 1 1 with a P/Ca ratio set at a high value, refining of the eutectic Si was insufficient 
and a low elongation value was exhibited. In contrast to these, for Test Sample Nos. 1, 2, 5, 6, 
and 9 in the ranges of the alloy components and the cooling rates during casting specified in the 
present invention, excellent high-temperature strength and toughness were obtained with a 
tensile strength greater than 200 N/mm 2 and an elongation greater than 3% at 200°C. 

[0020] 

Effects of the invention 

As explained previously, in the present invention, by adjustment of the P content, the Ca 
content and the P/Ca weight ratio in the Al-Si-Cu-Mg-Fe-Mn(-Ni) alloy having components with 
specified contents and compositions, the formation of primary crystal Si is inhibited, and the 
eutectic Si is microfined. Furthermore, by regulation of the cooling rate during solidification, the 
Fe, Mn, and Ni crystallized materials are also microfined. Because of this, the toughness 
represented by the high-temperature strength or the elongation value is improved. An aluminum 
alloy appropriate as die cast internal combustion engine parts can be obtained. 



